We have isolated cDNA clones of the human c-myb mRNA that contain =3.4 kilobases of the =3.8-kilobase mRNA sequence. Nucleotide sequence analysis shows that the c-myb mRNA contains an open reading frame of 1920 nudeotides, which could encode a 72-kDa protein. The cDNA nucleotide sequence and the predicted amino acid sequence of the c-myb protein are highly homologous to the corresponding chicken and mouse proteins. In particular, a region toward the NH2 terminus of the protein containing a 3-fold tandem repeat of 51 residues is evolutionarily conserved and is the only region of homology with the Drosophila c-myb protein. This region may represent a functionally important structure, most likely the DNA-binding domain. cDNA clones have been used to isolate genomic clones and to derme a prelimdinary intron/exon organization of the c-myb gene. Identification of 5' and 3' coding and noncoding exons indicates that the human c-myb locus spans a 40-kilobase region.
locus spans a 40-kilobase region.
The c-myb protooncogene is an evolutionarily conserved locus identified by its homology with the transforming gene v-myb, of avian myeloblastosis virus (AMV) and avian leukemia virus E26 (1) (2) (3) . The products of the chicken c-myb gene and the AMV v-myb gene have been preliminarily identified as nuclear DNA-binding proteins of 75 kDa and 45 kDa, respectively (4) (5) (6) . Among different protooncogenes, and in particular among the ones coding for nuclear proteins, c-myb is unique in that its expression is apparently tissuespecific. Although c-myb transcripts have occasionally been found in nonhematopoietic tumors (7, 8) in various animal species, c-myb mRNA has primarily been found in hematopoietic cells where abundant transcripts are detectable in both myeloid and lymphoid precursors (9) (10) . In these cells c-myb expression appears to be regulated during terminal differentiation since c-myb mRNA is found in immature myeloid and lymphoid cells but not in mature cells of the same lineage (10) . Accordingly, in vitro induction of terminal differentiation is accompanied by an early disappearance of myb transcripts in several myeloid cell lines (10, 11) , suggesting that the protein encoded by c-myb may be involved in the control of growth and/or differentiation of hematopoietic cells.
The tissue-specificity of c-myb expression is also reflected by the association between different alterations of myb sequences and the development of hematopoietic neoplasms in different species. The v-myb oncogene is responsible for the ability of AMV to cause myeloblastic leukemia in chickens and to transform avian myelomonocytic cells in culture (12, 13) . The disruption of cellular myb sequences by viral insertional mutagenesis appears to be associated with the pathogenesis of mouse hematopoietic tumors (14) (15) (16) . The mechanism leading to the oncogenic effect both of v-myb in AMV and of c-myb in murine leukemia appears to be analogous, involving the truncation of 5' and/or 3' coding sequences of the protooncogene (5, 16) .
The association between c-myb activation and hematopoietic neoplasms in several animal species suggests that analogous mechanisms may be involved in the pathogenesis of human leukemias and lymphomas. Two observations provide preliminary support to this hypothesis. First, the human c-myb locus (MYB, in standard human gene nomenclature) has been mapped on chromosome 6 (17) in a region (6q21-23) (18) that is involved in chromosomal aberrations found in both myeloid and lymphoid neoplasms (19) . Second, in some ofthese tumors, amplifications (20) and rearrangements (8) of the c-myb locus have been found. However, a definitive assessment of the frequency, type, and significance of these genetic abnormalities is severely hampered by the incomplete characterization of the c-myb gene. In particular, in human, as well as in various animal species, the characterization of the genomic locus is limited to v-myb-homologous sequences, accounting for only approximately one-third of the 3.8-kilobase (kb) c-myb mRNA.
In an effort to complete the structural and functional characterization of the c-myb gene and to define its role in normal and leukemic cells, we isolated and determined the nucleotide sequence of human c-myb cDNA clones containing the entire c-myb coding domain and 5' and 3' noncoding sequences. These clones allow the preliminary characterization of the human c-myb genomic locus, which appears to be significantly larger (=40 kb) than previously reported (21, 22) . Determining the nucleotide sequence of c-myb cDNA allowed us to predict the amino acid sequence and some structural and functional characteristics ofthe c-myb protein. The nucleotide sequence of the XCM8 insert ( Fig. 1 ) contains a single long open reading frame that begins at the first base of the sequence and extends to an in-frame TGA termination codon at position 2034. An in-frame ATG initiation codon is found at position 114. The termination codon is followed by a 3' untranslated region, which in clone XCM8 spans =1200 nucleotides. A poly(A) tail of =140 nucleotides is found at the 3' end of the clone. Because the open reading frame extends upstream from the ATG codon found at position 114, we cannot formally exclude the possibility that this codon encodes an internal methionine residue. However, several observations argue against this possibility and indicate that the ATG at position 114 represents the translation start site of the human c-myb protein: (i) this ATG is surrounded by sequences that match the consensus sequence (CCRCCATGG) for initiation of translation in eukaryotes (28); (ii) the reading frame opened by this ATG would code for a protein of 640 amino acids with an approximate molecular mass of 72 kDa, in good agreement with that reported for chicken c-myb protein (5); and (iii) the sequence reported in Fig. 1 is highly homologous to the one reported for mouse c-myb cDNA clones (29, 30) , and the murine sequences contain initiation, termination, and poly(A)-addition signals located at positions analogous to the ones identified for the human sequence.
MATERIALS AND METHODS

Isolation
Analysis of evolutionary conservation of myb cDNA nucleotide sequences between human and mouse reveals a high degree of overall homology (80%). In particular, the coding domain displays 87% homology (see below for an analysis of predicted amino acid products), and the 5' and 3' untranslated regions, 82% and 72% homology, respectively. Within the long 3' untranslated region, segments of relatively high homology (e.g., nucleotides 2610-2810, 84% homology) are interrupted by areas of relative divergence (e.g., nucleotides 2990-3190, 55% homology), suggesting that the highly conserved regions may contain functionally important domains for transcriptional and/or posttranscriptional regulation of c-myb expression.
Analysis and Evolutionary Conservation of the Predicted Human c-myb Protein. The amino acid sequence predicted by the coding portion of the c-myb cDNA is shown in Fig. 2 distribution of acidic and basic amino acids, with the exception of a predominantly basic region toward the NH2-terminal region where the three repeats are located (22% arginine plus lysine between residues 38 and 192; 8% in the remainder of the protein). These features are found to be generally conserved when the human sequence is aligned (Fig. 2) with the corresponding sequences of mouse (29) and chicken (31) c-myb protein. The degree of evolutionary conservation is high overall, but it varies for different parts of the protein.
Residues 1-200 appear to be particularly conserved (99.5% homology between mouse and human). A second region of high conservation is present at positions 261-410 (96% homology between mouse and human). Regions of relatively higher divergence are residues 201-260 and the COOHterminal region of the molecule. When the human, mouse, and chicken sequences are compared to the v-myb-homologous portion of the Drosophila c-myb protein (32) (Fig. 2 Right), the NH2-terminal portion containing the three repeats is found to be the only one conserved during evolution. These structural and topographical homologies indicate that this region of the c-myb protein is a critical functional domain.
Organization of the c-myb Gene: Exons Defrne a 40-kb Genomic Locus. In order to isolate genomic clones containing the human c-myb gene, a recombinant library made from normal human placental DNA was screened using the 3.4-kb XCM8 insert as a probe. Five clones overlapping over 60-kb of genomic DNA were isolated (GO, G2, G3, G5, and G6; Fig. hu-c-myb NAR1RPRHSIY SSDEDDEDFE HCDHDYDCLL PKSCKHH1LCK TRWTREEDEK LKKLVEQIJCT 60 mu-c-myb
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3). By use of different 5' and 3' fragments of the XCM8 insert as probes in Southern blot (33) experiments (data not shown), hybridizing fragments were identified and positioned within the genomic clones (Fig. 3) . In order to confirm that the putative initiation and poly(A)-addition sites identified in the cDNA clone were also present within the genomic clones, the regions of the genomic clones hybridizing to the 5'-and 3'-terminal fragments of the cDNA clone (Fig. 3) were sequenced (data not shown). Within these regions, the positions of the initiation (ATG) and poly(A)-addition (AA-TAAA) sites is marked on Fig. 3 . This analysis defined the approximate boundaries of the c-myb transcriptional domain and provided a preliminary characterization of the intron/ exon arrangement of this gene (Fig. 3) . Based on the analysis of cDNA-hybridizing fragments and restriction sites present both in genomic and in cDNA clones, a minimum of 15 exons have been identified. However, further subdivision in additional exons and introns, which may escape restriction enzyme analysis, can be anticipated. Since the 5' terminus of the RNA is not represented in the XCM8 cDNA insert, it is presently impossible to define the limits of the first 5' exon beyond a tentative mapping within the 5' 2.3-kb EcoRI fragment (Fig. 3) . This position is analogous to the one identified for the transcription initiation site of the murine c-myb gene (21) . These data indicate that the human c-myb gene spans =40 kb of the human genome and therefore extends significantly beyond the limits of the previously identified v-myb-related domains (21, 22) to include additional 5' and 3' coding and noncoding exons.
DISCUSSION
The isolation of human c-myb cDNA clones has allowed us to determine the nucleotide sequence ofthe c-myb mRNA, to predict the amino acid sequence of the c-myb protein, and to preliminarily define the boundaries and the organization of the human c-myb locus.
Our longest cDNA clone is 3.4 Fig. 3 and significantly diverges from both murine and human sequences (31) . Finally, our and others' (36) preliminary studies indicate that additional c-myb mRNA species may be present, most likely originating through a differential-splicing mechanism. These observations could account for the size heterogeneity reported for c-myb mRNA and for the occasional observation of two mRNA species in some cell types (22) . While toward the NH2 terminus, containing the three tandem repeats; (iii) a secondary structure involving a high proportion of a-helix; and (iv) a tertiary structure tending toward an overall globular configuration. Although presumably located in the nucleus, as has been demonstrated for its avian counterpart (6), the human c-myb protein does not contain domains significantly homologous to nuclear proteins encoded by other protooncogenes-namely, c-myb, N-myc, or c-fos. It also does not appear to contain the consensus sequence for nuclear localization that has been found in polyoma and simian virus 40 large tumor (T) antigens (34) . One feature of the c-myb protein that may be critical for function is the evolutionarily conserved, tandemly repeated sequences at the NH2 terminus of the protein. The addition of the human sequences to the comparative analysis of various species and the observation that these sequences are the ones selectively conserved from Drosophila to man lend further support to previous suggestions (30) that these sequences may represent the DNA-binding domain of the protein. While this work was in progress, experimental studies have documented this hypothesis for the chicken c-myb protein (35) . Finally, we have preliminarily identified the boundaries and the organization of the human genomic c-myb locus. Previous characterizations were limited to the identification of the v-myb-related domain (14 kb; ref. 21 ) and of additional sequences identified by their hybridization to myb mRNA (30 kb, ref. 22) . Our data indicate the presence of additional 5' and 3' coding and noncoding exons, suggesting that the c-myb gene spans >40 kb of the human genome.
